The γ -ray production cross section for the 477.6-keV 1/2 − → 3/2 − g.s. transition in 7 Li following inelastic neutron scattering has been measured from the reaction threshold up to 18 MeV. This cross section is interesting as a possible standard for other γ -ray production cross-section measurements. The experiment was conducted at the GELINA pulsed white neutron source with the GAINS spectrometer consisting of 12 high-purity germanium detectors. The time-of-flight method was used for neutron energy determination. The sample was an optical-quality lithium fluoride disk and the neutron flux was monitored using a 235 U fission chamber. Previous measurements of this cross section are reviewed and compared with our results. Recently, the examined cross section has been calculated using the continuum-discretized coupled-channels method. The results are found to be in reasonable agreement with the experimental data.
I. INTRODUCTION
In experiments involving neutron beams, the flux is often measured with a transmission fission chamber, containing, e.g., 235 U, 238 U, or 239 Pu. The disadvantage of such a system is the low counting rate of the fission events, which necessitates long acquisition times for collecting adequate statistics. A sample pulse-height spectrum from the fission chamber used in this work is shown in Fig. 1 . An alternative method for neutron fluence determination could be the measurement of γ rays following inelastic scattering, provided that the γ -ray production cross section is known sufficiently well. Several possibilities for a reference cross section have been considered in [1, 2] , where the 477.6-keV 1/2 − → 3/2 − g.s. transition in 7 Li was concluded to be one of the best candidates. Factors making this transition favorable include an isotropic γ -ray emission, a negligible internal conversion coefficient, a low inelastic threshold (546 keV), and a fairly smooth energy dependence of the cross section.
Lithium and beryllium fluorides are also interesting as coolants for molten salt reactor systems, as described in the Technology roadmap for generation IV nuclear energy systems [3] . Additionally, in deuterium-tritium fusion reactors the fuel cycle requires breeding of tritium from 6, 7 Li. The interactions between neutrons and lithium affect the tritium breeding ratio, nuclear heating, and radiation damage. Thus good quality nuclear data on neutron-and proton-induced reactions of 6, 7 Li are necessary. The inelastic neutron scattering cross section to the first excited state in 7 Li was first reported by Freeman et al. in 1955 from the threshold to neutron energy E n = 1.65 MeV [4] . Since then, the 7 Li(n,n γ ) 7 Li * (477.6 keV) cross section has been measured in several experiments, which are summarized in Table I . The early γ -ray measurements by Freeman * markus.e.j.nyman@gmail.com et al., Bostrom et al. [5] , and Benveniste et al. [6] were performed using scintillation detectors and a ring scatterer. More information about the experimental setup by Benveniste et al. is provided in Refs. [7, 8] .
These measurements were followed by several others where, instead of γ -ray detection, the scattered neutrons were observed [9] [10] [11] [12] . With the exception of the experiment of Glazkov [9] , all of them used scintillator detectors and were normalized with the known H(n,n)H cross section. These data sets tend to contain a small number of measurement points, typically with large uncertainty margins. They also do not extend above 5 MeV in neutron energy. In addition to the references mentioned above, the experimental methods are discussed in [13] [14] [15] [16] .
The vast majority of 7 Li(n,n γ ) 7 Li * (477.6 keV) cross section data originates from experiments conducted in the 1970s. These cover a neutron energy range from the threshold up to 21 MeV. In three of these experiments, by Presser and Bass [17] , Smith [18] , and Olsen et al. [19] , lithium-drifted germanium [Ge (Li) ] detectors were used for detecting the γ rays. All three experiments used different reactions for neutron production and different methods for determining the neutron flux. Additional information on the experimental setup used by Smith is available in [20] [21] [22] . The proton-recoil telescope used by Olsen et al. for neutron flux measurement is described in [23] . The data sets by Dickens et al. [24] and Morgan [25] from Oak Ridge National Laboratory, obtained from γ -ray measurements using scintillator detectors, are by far the most comprehensive data sets available, extending from the inelastic threshold up to approximately 20 MeV. In both cases, an electron linac white neutron source and the time-of-flight method for neutron energy determination were used. More details about the experimental system used in these experiments can be found in [26] . Finally, there is one data point from a γ -ray measurement at E n = 14 MeV by Besotosnyj et al. [27] and five points between 2.6 < E n < 4.6 MeV by Knox et al. [28] . In the latter case, Ref.
[28] is cited in the EXFOR database [29] , although the experimental data does not not appear in the article. The reference given in Table I , [30] , includes a description of the experimental setup. Finally, the same group reported measurements of the integrated cross section for inelastic neutron scattering to the first excited state in 7 Li from E n = 4 to 7.5 MeV [31] . These data are not included in the EXFOR database.
The cross section for the 7 Li(n,n γ ) 7 Li * (477.6 keV) reaction has been evaluated extensively by R-matrix calculations, e.g., [28, 32, 33] . A good agreement with experimental data has been achieved. The continuum-discretized coupledchannels method (CDCC) [34, 35] has been successful in describing breakup processes of weakly bound light nuclei. For n + 7 Li reactions these have thresholds of approximately E n = 2.8 MeV or higher. Recent CDCC calculations will be compared to our experimental results in Sec. IV B.
As the existing data consists of multiple sets which are not always consistent with each other, remeasuring this cross section is important. This is especially true if it is intended to be used as a standard. Furthermore, the total relative uncertainty of the cross section should be made as small as possible, preferably below 5%. The Gamma array for inelastic neutron scattering (GAINS) spectrometer [36] was developed for high-precision cross-section measurements of (n,xnγ ) reactions at the Geel electron linear accelerator (GELINA) time-of-flight facility. The high γ -ray detection efficiency and energy resolution of GAINS, together with a very good time resolution, allows γ -ray production cross sections to be measured to the desired level of uncertainty.
II. EXPERIMENTAL SETUP
Two measurements were conducted at the IRMM in 2015. The neutrons were produced using the GELINA pulsed white neutron source with an 800-Hz repetition rate, and the GAINS spectrometer was used for γ -ray detection. Currently, GAINS consists of 12 large-volume high-purity germanium (HPGe) detectors manufactured by CANBERRA, mounted at 110
• , 125
• , and 150
• with respect to the beam direction, with four detectors at each angle. A schematic of the array is presented in Fig. 2 . For the first measurement GAINS was located at FIG. 2. A schematic representation of the GAINS array, modeled using the SimpleGeo software [37] . The direction of the neutron beam is indicated with the arrow. The 235 U fission chamber can be seen behind the HPGe-detector array.
the GELINA flight path 3, and the sample was positioned at 198.757(5) m from the neutron source. In May 2015, in preparation for future experiments, the setup was repositioned at the same flight path with the sample at 99.676(5) m from the neutron source. The detectors were mounted in a new support frame, maintaining the same geometry and without changing any of the associated electronics. 7 Li data was collected as a test experiment. Hereafter these will be referred to as the 200-m and 100-m measurements. The neutron flux was measured with a 235 U fission chamber located at 146.8 or 211.5 cm upstream from the GAINS sample position in the 200-or 100-m measurements, respectively. The chamber contains 8 UF 4 deposits of 70 mm diameter, placed on five aluminum foils (20 μm thickness). Details on the chamber are presented in [38, 39] . The data acquisition system for the HPGe detectors uses Acquiris DC440 digitizers, which have a 12-bit amplitude resolution and a sampling rate of 440 million samples/s. A more detailed description of the data acquisition system is provided in [40] . The sample was an optical-quality lithium fluoride (LiF) disk supplied by Te Lintelo Systems. The abundance of 7 Li in natural lithium is 92.41(4)% [41] . The physical properties of the sample, determined by measurements performed at the IRMM, are summarized in Table II . The sample area was measured with a Mitutoyo Quickscope vision measuring machine, the mass with a Mettler Toledo PG603-S balance, and the thickness with a vernier caliper.
III. DATA ANALYSIS
The procedure for extracting γ -production, level population, and inelastic scattering cross sections from GAINS data is described in [36, 38, 39] . The points relevant to this discussion will briefly be reviewed here. Experimentally, the determination of the γ -ray production cross section starts from the measured differential γ -production cross section dσ i /d . At neutron energy E n for detector i positioned at an angle θ i this is given by where Y i (E n ) is the γ -ray yield, Y fc (E n ) the fission chamber yield, fc the fission chamber efficiency, i the γ -ray detection efficiency, σ U (E n ) the cross section of the 235 U(n,F) reaction from [42] , and t U , t s , A U , A s the mass areal densities and atomic masses, respectively, of 235 U in the fission chamber, and the sample under study. The values used here were t U = 0.003084(7), t s = 0.13377(8) g/cm 2 , A U = 235.0439299(20) [43] , and A s = 7.0160034256(45) u [44] . Finally, c ms (E n ) is the correction factor for multiple neutron scattering, determined from Monte Carlo simulations (see below). The diameters of the sample and the 235 U deposits in the fission chamber were larger than that of the neutron beam. This is beneficial because Eq. (1) does not need to account for the fraction of the beam intercepting the 235 U deposits or the sample. However, the homogeneity of the sample and the deposits is important. In the present case there was no issue with the homogeneity of the LiF disk. For the fission chamber a correction for inhomogeneity was applied, as described in [39] .
Integrating the differential cross sections is particularly simple in the case of the 1/2 − → 3/2 − g.s. transition in 7 Li, as the γ -ray emission is isotropic. Thus, the differential cross section from any given detector needs only to be multiplied by a factor of 4π to obtain the total γ -ray production cross section σ γ . This was verified in our experiment by the observation that cross sections obtained from detectors at different angles were consistent with each other.
The neutron energy E n corresponding to a given time-offlight bin was calculated in the following manner:
where E 0 is the rest mass of the neutron, L is the neutron flight path length, c is the speed of light in vacuum, and t is the neutron time-of-flight. The determination of the absolute γ -ray detection efficiency of the GAINS spectrometer relies on Monte Carlo simulations described in [45] . First, the absolute γ -ray detection efficiency is determined experimentally with a 152 Eu point source. An MCNP5 [46] simulation is then performed and the model of the setup is adjusted until a satisfactory agreement between the experimental and simulated efficiencies is achieved. The final efficiencies are then determined by using the optimal detector geometry in a simulation in which the point source is replaced with a volume source corresponding to the size and material of the sample.
The procedure followed here to determine the fission chamber efficiency is described in [39] . Corrections were also applied to account for neutron flux attenuation between the fission chamber and the sample and multiple neutron scattering in the sample itself. These were evaluated by comparing MCNP5 simulations of the actual experimental setup and of the same configuration with the sample and all materials between the fission chamber and the sample removed. The resulting correction coefficient c ms as a function of neutron energy is shown in Fig. 3 . As can be seen from the figure, the correction for such a thin sample is fairly small.
IV. RESULTS AND DISCUSSION

A. Experimental data
In the case of 7 Li the only observed γ ray originates from the 477.6-keV transition from the first excited state to the ground state. A sample γ spectrum covering the region of interest is shown in Fig. 4 . As can be seen from the figure, the 477.6-keV peak from 7 Li is shifted and broadened owing to the Doppler effect. The second excited level in 7 Li lies at 4 630 keV and decays into α + t. It is therefore not observed in the present experiment. All the higher excited states of 7 Li are also unstable against particle emission. The most prominent peak in Fig. 4 comes from the 197.1-keV transition from the second excited level to the ground state in 19 F. This peak, which is not fully visible in Fig. 4 , contains more than six times the number of counts as the 477.6-keV one. This γ ray was not included in the analysis because the second excited state in 19 F has a half-life of 89.3(10) ns [47] , making it difficult to apply the time-of-flight method.
The time resolution achieved with the GAINS setup is approximately 10 ns. For a 200-m flight path this corresponds to a neutron energy resolution of 1.4 keV for E n = 1 MeV, increasing to 44 keV for E n = 10 MeV. Both IRMM data sets meet the goal of the total relative uncertainty being less than 5% for most of the measurement points. With 1 < E n < 8 MeV, the average relative uncertainty is approximately 4.5% for both experiments. The main components of the total uncertainty are the HPGe detector efficiency calibration, the fission chamber efficiency, the 235 U(n,F) cross section, and statistical uncertainties of the γ -ray and fission chamber yields.
The γ -ray production cross section for the 477.6-keV transition in 7 Li is displayed in Fig. 5 along with previous experimental data from [4, 5, [9] [10] [11] [12] [17] [18] [19] 24, 25, 28] . For clarity, 
FIG. 4.
A sample γ -ray spectrum from the reaction LiF(n,n γ )LiF. The two peaks originating from 7 Li and 19 F are labeled with their energies. The other peaks are from the ambient background. The 7 Li peak is broadened and shifted owing to the Doppler effect (the 477.6-keV position is indicated with a dashed line). The detector from which the spectrum was obtained was located at an angle of 150
• with respect to the beam direction.
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The γ -ray production cross section σ γ for the 477.6-keV transition in 7 Li, measured using the reaction LiF(n,n γ )LiF, compared to other experimental data and three nuclear data evaluations. (a) The cross section from the threshold to E n = 2 MeV. the data have been divided between panels (a), (b), and (c) in the figure. Panel (a) compares the various data sets from the threshold to E n = 2 MeV. Panel (b) contains the results from experiments which have measurement points only for E n < 6 MeV. Panel (c) compares our results with the data sets that cover high neutron energies. Finally, the IRMM data are plotted together with three evaluated libraries (ENDF/B-VII.1 [48] , JEFF-3.1 [49] , and JENDL-4.0 [50] ) in panel (d). As can be seen from Fig. 5(a) , from the inelastic threshold up to about E n = 0.8 MeV there is good agreement between all data sets except that of Smith, which lies slightly lower, although with very large uncertainties in neutron energy. Fig. 5(d) , the total inelastic neutron scattering cross section from the evaluated libraries is compared with the IRMM data sets. The JENDL-4.0 evaluation is in a slightly better agreement than the others with our data.
As can be seen from 
Morgan (1978) Dickens (1977) Presser ( an absolute cross-section scale uncertainty up to ±15%. In order to investigate the compatibility of the different data sets, those of Presser and Bass, Morgan, and Dickens et al. were normalized to converge with the IRMM data (100 m measurement) at three different neutron energies. The chosen normalization points were E n = 2, E n = 5, and E n = 8 MeV. Both the 2-and 5-MeV normalizations produce a fairly good overall agreement (the 2-MeV one being the better of the two), but the 8-MeV normalization leads to large differences at lower energies. In Fig. 6(a) , the 2-MeV normalization is displayed, with the unnormalized data provided for comparison in panel (b). In general our data agree best with those of Morgan, while the data set of Dickens et al. diverges from ours at high neutron energies regardless of the normalization chosen. The data of Dickens et al., and to a lesser degree also those of Presser and Bass, behave differently than the others between 0.8 and 1.5 MeV, as can be seen from the inset of Fig. 6(a) . The reason for this is not known, although in [24] it is mentioned that separate neutron-flux measurements were carried out for E n < 1 and E n > 1 MeV. Overall these comparisons indicate that, while systematic differences over the entire energy range can be reduced, discrepancies still remain.
B. CDCC calculations
Theoretical descriptions of inelastic neutron scattering on 6, 7 Li have recently been published by Guo et al. [51] , Ichinkhorloo et al. [52] , and Matsumoto et al. [53] . All these studies employed the CDCC method with the complex Jeukenne-Lejeune-Mahaux (JLM) effective nucleon-nucleon interaction [54] . In [51] , the experimental total neutron and proton scattering cross sections on 6, 7 Li were used to determine energy-dependent normalization factors, which were then used to calculate the angular distributions of elastic and inelastic proton or neutron scattering. In all cases, a reasonably good agreement with experimental data was obtained. However, the inelastic neutron scattering cross section to the first excited state in 7 Li is not provided in [51, 52] . Instead, the sum of elastic and inelastic scattering to the first excited state in the n + 7 Li reaction, as well as the inelastic scattering to the second excited state at 4.63 MeV, are evaluated. Also no calculations are performed for E n < 4 MeV.
Recently, the elastic neutron scattering cross section and the inelastic cross sections to the first and second excited states in 7 Li have been calculated by Ichinkhorloo et al. [55] . A comparison between the calculated 7 Li(n,n 1 ) cross section and the IRMM data is shown in Fig. 7 . Above 7 MeV the agreement is good. At lower energies, the calculated results reproduce the general shape of the experimental cross-section curve fairly well; however, the calculated cross sections are lower than the experimental values and the theoretical curve appears shifted to higher neutron energies. For E n < 10 MeV, the coupling potentials using the JLM interaction have not been constructed, necessitating the use of the optical model potential. Furthermore, for 2 < E n < 5 MeV, an independent 024610-6 normalization was necessary. Above E n = 5 MeV, the calculation used the same normalization for both elastic and inelastic cross sections. Clearly, there is still room for improvement in the CDCC calculations, especially at low energies.
V. SUMMARY
Neutron inelastic scattering by 7 Li was studied with the GAINS setup at the GELINA time-of-flight facility. The γ -ray production cross section for the 477.6-keV transition was measured from the threshold up to E n = 18 MeV with a total relative uncertainty less than 5% for 1 < E n < 8 MeV.
Comparisons were made between previous experimental data and the current results, and discrepancies were discussed. Additionally, results from recent CDCC calculations were provided, showing a reasonable agreement with the experimental data.
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